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Summery 

All rearranging antigen recepbx genes have one or 
two highly diverse compierneptartty <teterrnining re- 
gions (CDRs) among the six Mat typfcalry form the 
Ixgand binding surface- We repa-tharetha^ tn the case 
of antibodies, diversity at cms c f these regionsv CDR2 
of tfie V* domain, is sufficient to permit otherwise iden- 
tical IgSW molecules to distinguish between a variety 
of hapten and pfotehi antigens. Furthermore, vae find 
that somatic nutation can aUowsuch antaadies to 
active surprisingly high affinities. Th&s* results are 
consistent ^/Hh a model in which the Wghfy diverse 
CDR3 taops are tJte key tfetem»inant of specificity in 
©otisen recognition in both T cull receptors frCR> and 
andbod'tes. whereas the garmllne-encoded CDR1 and 
CDR2 sequences are much mure cross-reacthr*. 

Introduction 

During ryrnphocyre developmertv a large repertoire of 
hetcrodlmerte antigen receptee, both antibodies and 
TCRs, are generated by a vsrietv of mechanisms (Tons- 
gawa, 19S3: Daws and Bprtcnw n. 19HS). In antibodies, 
the binding site for antigens is f.>rrned by six CDRs that 
loop out from tha V region backbone formed by tw/o 
shafitfe of j^plaated strands (reviewed in Davres et aL 
13S0). Great importance has be**i attached to the germ-* 
fine V gene repertoire For the development of effective 
immune responses, as most of the CDfcs are encoded 
by me gennlinfl sequences the exception erf CDR3 
of the heavy chain). It has been postulated that (he V 
region genes are selectively n stained in tha gemilrne 
during evolution because of their capacity to accommo- 
date different antigens, espscialry pathogens fcg., Cohn 
et bU I9B0; Rajawsky et at, 19K7). 

Racent structural analyses show that m TCRs, 
amino ecfcls at positions equivu tent to the CDRs m anti- 
bodies also form the principal i^omaets between TCRs 
and their rjepude/MHC Egandi. (Garboezi et aL 1996: 
Garcia et aL 1936; Ding *t si , 1998; ReJnherz et al., 
1999). White no complex strocajraof a*y3 TCR in com- 
plex with its ligsnd is current^- available, a number of 
studies indicate mat -v* TCRs recognize antigens in an 
arrtfoody-lfee manner (reviewed in Chj&n etal., 1996; see 
also U et aL, 1933). T>ie banoing .interfaces between 
antigen receptor molecules and their ligands are gener- 
elfy la roe (over 1 500 A*) and 1O-30 side chains from each 
side make closa contacts (reviewed in Davies et al» 

*To whom awrespcmeJanw sfteutf t» od*«S*d>*nBfc imtovfe® 
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1990; Davies and CoWs Garcia et aU 1 999)- How- 
ever, despite fre brt&d interface seen in the crystal 
structures, sequ&nceVo^vsrsity in antigen receptors fe 
not everrtv tfistribiitsd among all six CDRs bat b highly 
concentrated in one Qnthe cases of ajttlbodres arrf 78 
TCRs) or two {in tlfeCTSe of o*-TCR^ CDR35 (Davis 
and Bjorkman, ">9B6; fevts and Chien, 1999), Although 
the skewing of divert toward CDR3s in ap TCRs is 
understandatte b«emse fliese amino acid residues 
mainry recognfc is the genie peptide white other CDfts 
primarDy interact tw^HC porgensen etal.. 1592; Gar- 
&oca et eU 1S93; (^fjria et aU 199B; Sant'AngelD et aJ v 
1996; DingetaU 199$;fReinherz etaU 1999). there has 
been no expianatioiS Bp such b phenomenon m antajod- 
ies and -y& TCte. E^ef wore pdzzf?ng « the Ending that 
in antibodies, both CpRI and CDR2 of *e heavy chains 
and all CDRs of the Sgr^ chains have only a few n canoni- 
cal* c«TfwTTjafe»ns^{wf onry the heavy chain CDR3 loop 
has a wide ranee c? varfattons in ooth length and shape 
(ChotHe and Lesfc, 1987; Chothia et aL 1989). Such 
cenonical CDR bap ihape* have also been seen m tt^ 
TCR cryscj) strwcb?ris (QOR2 of a and p psrbcularty, 
but not in CDR3* w (Garcia et al., 199«, ah 

though some oi ^h!s Mftrformlty may relate to WiKC bmd- 
ing requircniems. W stewing of divepaty in aU antigen 
receptor ^ecules led to tha suggestion that the 
highry diverse CDR3 ^quences are the principal deter- 
minant of specrfiefcy^ antigen recognitioa at least in 
the primary repertoir^ ipavis et sl. f 1937, 199S), 

To ftnrher understofid the molecular basts of antigan 
receptor speefficiry, have constrained mice to use 
a single V* gene but fU CDR3 df varsfry to generate their 
a celrrepertoire. ^aQanged such mice with a variety 
of protein and'hapcftrr antigens end monliored the devel- 
oprriG«t of primary ariri memory immune responses. We 
find that aritigen-spdciifio igM molecules isolated from 
primary resporsa of* these rrpce can differ only in the 
CDR3 of the V* dorrfSfri; Furthermore, rtre find that so- 
matic rnutaxion can iftow such antibodies 10 achieve 
surpriskigry high afFinii&es upon rechaHenge wrdi protein 
antigens. The only ^ntfgsns that seem generally unable 
to be accommodSbBES by an arbftrarify chosen V n are 
bsctenai porysacch^ rides. These results indicate that 
an exterrsfcrt? v (bcktt ^ H and Vj gene repertoire is not 
necessary for :he prdaucoon of specific antiboUles to 
most antigens, and rW the V„ CDR3 plays a very dirTer- 
ent role "m the makeup of the antibody binding site than 
the g^rnrnne-errcodba CDR1 and CDR2 sequences. 
These results suggdst that the purpose of she highly 
diverse CDR3 fegtonlttf all antigen receptors* both TCRs 
and antibodies, is tq <betBrrnjne antigen specificfiy. 



Results 

Experimancai Systeii? 

in order to characterize the antibody responses of an 
organism witiiaVer? rimted V region repertoire but full 
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A. Heavy Chain NMoeus, HC1 
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CDR3 divert, M»e utilize a prevtoosJy described trans- 
gene, which ccfitafas one functions: human V* 
gene segment (V M 5-51L ten functional D segrnent* si* 
J H segments, and the and C 7 1 constant rsgiwrs {Fig- 
ure 1A; Taylor ec al„ 1SS2, 1994). me HCr transgenic 
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mice were bred out* an /aW^ 1 - fcj* background (Chen 
at aL, 1933a, 1993b), With this igeriotypft (HCT* 
IgvT^), ttie onty ftmctionBf imirnjio^rtobLrtin frat can be 
produced urtiuW combine ^r£te V„5-51 w'rth one or 
the three X Jfcht chain V regions v x £ ffV^ Figure 
IB) from the mouse- Flow uytnnfeby analysis revealed 
that the HC7 transgsrse partial^ riicues The B cell com* 
panjnehtcrfanig^ /or"'" mous* i although B cell num- 
bers *re extremety lew (5%^lb% normal; data, not 
shown). Serum analysis shows that levels or IgM and 
lgGI range from SOW 300 r i-gW£%-109fc normal) and 
tL3to5.Q jig/ml ^ t 1%-1%r^rmaO,ire5pec*wer/jn*e5e 
mice (data not shown). ' I 

> 

Arttigen-Spedfic Devetepft*nt!oT3hvajne Responses 

In the Igf-T*- tpf* W«dai 

To test ui/hedwthe B cell rep^rtfcfre with diversity only 

in v« CDR3 is effective, we mwnulifZed tn* 

ipc*- mice Wfth a variety of pTotuun antigens: Keyhole 

fimpet hemocyanin (KLH), h*n sfgg-iwhte tysazyrae (hsg, 



IjM end «G Rinses kn th* HC7« ^ A 

Th* MCT** fo>*f tg*^ mtee wcro frnmu- 
nii^d witt: KLH Ifr OVA (Bl HEL(C), DiW- 
KLH (D). 3h03-CSA (EL or PC-KLM (F) cm 
inflaataa d^ys. S*rom awmpwa ware «^ 
lEcifid 7 ri^* oft*|r bach Injection and dflurri 
7:1 0-1^5/ J intV vicrflTTaW U«]Jr CTnrrfl witb 
KLH of hEi (A). i^A arKkHflS). HELor KLH 
£Q. DMP-3SA Vf»C-fi5A ID1. phDx-BSA or 
KLH (Q. or PC<bAp ear DNP-BSA (^L Anrigan- 

nfm wwie TWftll Iter e»cn andgan md fsr 

wof« *>icwn. vinwions among WfvifluBi 
ink* wwo wttlilrj d 5-ftiftJ range. 
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chicken ovalbumin (OVA), choiem toxin B subunit [CTB\. 
as well as haptens; 2 ^ 4-dIn^t^c^p^B^yl (DNP, conjiigaced ■ 
to KLH). z-pnenyl-4-ethoxymettytene^^ (phO& 
conjugated to chicken serum aTbwnin, CSA), and phos- 
phorytchaline (PC, conjugated to KLH). Figure 2 Shows 
ft* results or enzyme-finked nmuncisorbertt assay 
{E LISA) of some of these responses. Asiypicel of normal 
immune responses: IgM antibodes appeared first fol- 
lowed by Iga AD HC1 mice examined responded to aO 
artf gens tested, except the pigeon cytochrome c (PCCJ 
protein, to wmich onty three out of nine mfce were ehle 
to mate a detectable response (data not show^J, sug- 
gesting that B ced clones «fith ibis specificity are very 
rare in these mice. 

Sequence Analysis of Antigen- Specific Antibodies 
Derived ftorn the HCV*> IgH* ^ WTk* 
ft has been prwwusfy reported ihat M mice with a fixed 
VDJ M rearranctcment, V gene replacement and- somatic 
hypermutatfon can generate a significant level of func- 
tional diversity in the primary JepeTtrnrs (Cascalho et 
aU 1996; Lopei-Maclas et al, 199$. * was therefore 
posabfe'tfiat secondary rearrarKiBments and/or somatic 
mutations could concriDute to the antibody responses 
i n the Her* IgH-^ ig^'^^ To control for this, 
©s well as to characterize the responding antibixfies in 



more detail we irnmUroAed HCT** fg^ mice with 
antigens and isolaraa hybricSorna ceU Tines producing 
ant?gen-specipc igitf {antibodies. Animals were immu- 
nized only once to ihfoirmze somatic hyp&fmuts^oa. 
Complementary DlW[cDNA) from both heavy and light 
chain mRNAof these anybodies was synthesized, ampli- 
fied by polymerase taiain reaction tPCR}, and then 
cloned and sequent. All the hybridomas character* 
teiBd used both VnS^Sil land from the HC7 transgene 
in their heavy chair? ahd used efther V^l-^l or V & 2-J k 2 
in their light chain: (vk^th the exception of hybridan* 
HEL-2. which appears to use Vtf-JxZ in Jts hght chain; 
Rgur* 3 md d^ta notjshown). No V>x usage was ob- 
served. ; , ^ , 

A comparison d tn4 emi-DNf*. anb'^KLH, arm-OVA, 
and anti-HEL IgM sscitences shows that roost express 
the Vh5-51 gene segment in its germfine form and thus 
differ onW in the region of the hea\7 chain., tn 
addition, "there are : **o large sets of hybridomss that 
exoress identical libriti chains as weP. The first set in- 
cludes DNP-6. ONR-Ti&NP-S, ONP-lt, ONP-12. KLH-S, 
OVA-1, OVA-2. and pitM; and the second tndudes 
DNP-10. KLH-6, QVfie, and HEL-1 fflguna ^. EUSA 
assays on all of the^e: anybodies confirmed that they 
onW bind the antigET? tihey we^e raised against conro- 
tent with the whole sflJtim anslysra shown m Frgure 2 
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(diita not shown). These result* show thai tfiver^y in 
the CDR3 regie* of V* alone is sufficient tooted highly 
speciFicJgMantibocJfea to these antigens. 
Wang the DNF-spKific byfcrfldomas isolated, two 
sequent (DNP-fl and DMP-11) we* s*en tmce; in 
eddttk>a DNP-G and PWM1 are different at art* one 
position r^^cine versus alanine) in V,. CDR3. Fur- 
thermos the junctional diversity irrthc **vy chain* 
restrietad. For e*amp*a, all but one n^dornas had 
identical CDR3 length, utiJkfid J*z 9^ segment and 
erpreesed ghrtaminfi at position 95 (the firr* amino eod 
Tn die juncooiwl region); 5n the light <±*? h *n but one 
had I9uc5ne at position 96 (tha first amm!i acid m tha 
junctional regbrt. even tfiough tzyptophans is encoded 
* that position in the germfe* J 4 1. In th€ hybndomas 
* specific for protein antigens, there wens idermcal re- 
peats as well: for example, sequences rc jresentad by 
KLH-1, fCLH-3, and QVA-2 vircre aH isolated twm. Aba, 
OVA-1 andOVA-2aradifferentonryatpas&>nS5inthe 
heavy eham,unth a/gfnlae'm OVA-1 end lysine in OVA--* 
both arginine and lysine residues are peshi *s>y charged. 

HiglWUTlntty igCTl Antibodies for Protein Antigens 
from the HCT n tQH~*~ 1$**- Mice . 
Having established that the MCI Igf**' 
are capable of mounting highly specif anttocK^y re- 
sponses to most if not aH of the antigens, we asked 
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whettiar such mice can prrriuSe^grvoffaty antibodies. 
We pursued trns question botrby generating mono- 
ctariaUgG antibodies through jij^rimrpunization and 
by purifying potyOorral fgG ant^ctfeslrom antisera. We 
obtained two <gG1 ^onotlon^Uihiitw^es, on* specific 
for HEL (H£U-S> and the othfcrfbr OVA (OVA-7). Soth 
monoclonal antibodies used tf* V^SI-C^ in the 
heavy chain and * cha J n ' Ba * 

HEL-3 and bVA-7 antibodies jJKo exhibit evidence or 
pomatSchyperrrnrtatlon in both ™& x dnalns wlCh 
most of the mutations bring Related in the CPR regions 
(Figure 4L as is typical. j 

We than employes surface pm am on resonance 0>rKj 
technique (MaimtjvrSt, 1SMI te( measure the affinity of 
these antibodies. We immob&fccd the HEL-3 antibody, 
on the biosensor chip and past*** different concentra- 
tions of MEL over the irnmobiliafed antibody IFigure 5A3- 
Fitting of the binding curvasigjves an association rate 
of 9.8 X 10* M" 1 s* 1 and a dissociation rate of Z.5 X 
itr 1 s" 1 at 25*0. Thase vslnas pfsrft a Ko of Z.S5 X 10** 
M, or 25.5 pM, equivalent to t£B niofisst affinily and- 
HEL antibodies Known (Davfed and Cohen, 1996). For 
unknown reasons, immofcifebitfl of OVA-7 on a biosen- 
sor chip leads to its mactivaifcoiji (data not shown): thus, 
we immobilized OVA on the bioUnsor chip and aDom/ad 
OVA-7 to bhd to the vnmobifead Sgand (Figure SB). 
vntik a<amrate fitting of ^he bii^lent tgS binding is not 



nvGdhwntWti Wcr'tgfT'- ^ Wc* 

HQ. was F*5SBd w Th« jfnmob^teftd 
monocJcinAl r^ci 3 orttood/ (250?U)et cpn- 

10 (square5t"'p2^ (cities) nM «c » «tw ram 
or ICO ftWnlfl. j 

(BO OVA-7 {2f; pj^mD hubs T»assBd qmb* tmmo* 
bllizvd OVAiC^C^O dosed cnto) or 
cmp^ surface ^cpan cirdud. 
p-Oi rtCf** J|»/r* J^t"^ mfct *w« Jrnmw- 
nt»d wiih HCL^CD of OVA pi Andswinn»m- 
pbs wem »llM*ed aftw ff>rth, flfth, pHO 
tfacth lnj8ctien?Bnd pwlad T«al IgGI wrt 
pjrtfied frwivpieinKnyr* fspm or *n- 
usarvm eJrd«) w»i aftlrt^ oodwnn 

using go« aittr^imaii IgBI ^ecW^ cnU- 
bod> c^)>ga{«^ to B^crosa beads, and 
passed ovw P or OVA eoupted to 
th& CN9^ 5ert3car at a coticcimBtlon of 25 
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pcFsabte^ vuedtd findthH:C)VA-7 associates very stowrfy. 
the apparent dissociation rate x ID"* s^. As 

bivalent antibodies have dissociation rates that are ap- 
proxhreteJy 10-foW slower than their monovalent Fab 
fragments (Mason and WffliamS. the estimated 
bona fide dissociation rate constiint of OVA-7 te approxi- 
mately 5.0 * 10" 3 sr\ Given atypical associetaon rafls 
of O.S~ 9 x 106 M"^ 1 s" 1 for protflin-prrtern biteracSorts 
(Northrop and EricKson. 1992), tfts Ko of Ov7W7 would 
he in the V10 nM range, comperable with monoctenal 
antibodies isolated from normal mice. 

Total IgGI antibodies from tte HOI** ighr^ Igc* 
mice immunized wrtth H£U OVA, or KLH were also used 
in SPR analysis (FigtiresSCand 5D and data not shown). 
Agsrn r we 5ound triat polycfcnal arrtfbocfies purified 
tram tha HC7"> rnic$ Knd their cognate 

antigen fairfy tightly, with an apparent tfissociadon rate 
of~i xlO^s" 1 (Figures SC and 5D). Thus, the average 
Kto of these antS>odies also be in the 0.2-2 nM 
range, assuming a typical association rate of Q.5-5 x 
10* M" 1 s - \ 

Taken together, the antigen tariding data from both 
and monodonals Mod the polyclonal ami* 
sera shows that somatic mutatk»o can allow antibodies 
from tfia HC$+* IghT^ tgsC* mn» to achieve very high 
affinities against at least proteff antigens, ccrnparabte 
to mice with a fun V region repertoire. 

Fafcre of the HCT^ 6 fgtr *" ^ WOca to Respond 
to Bacterial Polysaccharides 

tf one V H gene is able to accommodate most or aB of 
the antigens, why ars there so many different v„ genes 
ih most vertebrate genomes? It is currently thought that 
Che T ce/Mn dependent IgM resf *onse to bacterial pcJy* 
saccharides provides an important protection to the 
host during infections (Janewey and Trai/ers, 1937). If 
this defense relies on a targe ^ region repertoire, aa 
previously sugg&sbsd [Conn et aL, i960; Rajewsky et 
ai, the ffCX 1 "* te^T* " mice may not be able 
to mount an antibody response to some bacterial carbo- 
hydrate antigens. Therefore. » e Ertfecfced five 
tyT+- l$c*- and five CS7BL/6 (BS) mice with dettran 
BS12 (DEX)' from Uutconostoc tj&sentsrofdes, a near- 
Cnaar glucose polymer wfth 9554 *Ci Bnfcages, and 
foBowed the immune response oy ElJSA. DDC-spectfic 
IgM was detected tn every BB nw» afterthe first injection 
Figure 6B): however, no IgM response was observed 
in any of the HOl^ Jp/f* ig<^~ mice even after three 
injections of OEX [Figure 6A). The Her* low* Jp*-^ 
mice also failed to respond to levan, a branched fructose 
polymer from £wa harbk&la (Figures 6C and 6D). In 
contrast, the WCT** J&H^" well as B6) mice 

responded to olhej:T-lndependi , rtt antigen, for example, 
Z4,6-triWopheny1 (TNPJ-Flcol 1 Figures 6E and 6F). 
Thus, the lac* of rftsponsrvensss w the wo polysaccha- 
ride antigens in the HCT*"* fo^" feFK'*" mice is probabry 
not due to tec* rf T cefl help. Stnce all entf'-DDt rnorio- 
dona) antibodies repor te d use the k light chain (Akoitcar 
ct ai., 1997: Wang et eiI-, 1990), *nd it has been shown 
that the Vk domains do profit e antigenic contacts in 
thesa antibotfes OValltclt dt at, 19B9), it is possftHe that 
the failure of the HCl* 9 /o^ r™cc to respond 
to D£X could be sofery due to tn» lacfc ofche appropriate 
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figure «. >fCT** /f^V*" /ijk^" Mice M<?unc IgM Response to TNP- 
Fiaall btfE Mot W D£X Bf l?"*" 

Mice v^tb JncDcatad gsjj^f&es were ir»J«KSffd tranevensusly wfcth 1 0 
^9 DEX (A and S) W TOR^iooB (E wnd n or frnrapsritenaariy y»fth 
50 »4 Icivcn (C Bm1 D) on' Q&f D. I4 t «nd Za. Sarum samp Ik wot 
ecillftctad 7 days ^ch injection and diluted 1:70-1i250 inm 
mfcxottowBteco-Tt^w^rODCyVBndei. bvan<C«nd D). crTMP- 
ESA (fe WIS F). /4nUgnR-*rtflT>g tmfftflft or fnoutw artt&pdic* (krVI 
and IgG] wrera dMecred sDaMna phosptfwtwo c^ftjujacea gwa 
enfl-humnn or gw: arai-tiu«sft seconflBiy antfoodlt*. 



V* chain(sj. To test thb posabllity, we reintroduced a 
functiorwJ Igt Jocua into the mutant mica, but the- re- 
suitSng animals /gH^" /pt*^ were sdD unaWe 

to respond to DDt(F»^r|re fiA). In addition, we also immu- 
nized /gV* mice (v?ilF»ia norma) V H gene repertoire!) with 
this antigen, and th?4 were also una ate to respond (Fig- 
ure 66), ' 1 

Tne> ocservsftani ? nat (; ff H*^) /ox'^, HCr" lgH~<* 
Igy^*-. znti tfCl** I9&T M f^K"^ rnice ad faOed to respond 
to DEX ihc5cat-£s rfiAineither V H 5-S1 nor any of the V x 
genes can be utiltzjs to accommodate this antigen. 
However, it cannot*** nutedoutthata very low frequency 
of PEX -specific B were stiJJ present In these mice, 
but the few precursors celts were overwhelmed by an 
excess of antigen (i^, 5ii"gh zona tolerance was induced) 
^Howard at aL, 19*5: Fernandez and MoJIer, 1977). 



Discussion 



I 



It has been to\ow<n ftw> some dme that 'a\ both B and T 
cell recognition, sorrj^ epitopes shew restricted V gene 
usage, for example} fimXed V H and V L genss an* 
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used in immune responses of inbred mice to many hap- 
ten, polysaccharide, and even protein anthers, av^a- 
inq p-arophenylartonate V*"*** et aU Mafcaa 
et al , l97S;Wianser, I990*pher*foxazolor« {Ml et 
at-, I97fl; toartihen et aL 1383; eereK aid Mttstein, 
19R7L (^draxy-3-n}troph«njrDac«y1 W J^™ 

and MaWl97* 1S75; 0*** **^']f^J^ 
(Dikrzak et A. 19BD, 19851 pr^osphorylcnoBne (Potter 
and Lieberman. 1970; Sher end Coha 1B7I; 
at, 1974; Crews etau 1951). phosph^ta^ne^id^ 
el al 1997). dBXtram (EHombenj et at. 13^2; WW* 
al . 1B75; w*ng ftl a |. f 19901 galactan iMushmsta and 
potter, 197B), Staphylococcal nuclease [Farhman at at, 
1977), and influent hKTO^utjningiflcKaan etaU 19&4; 
Clato et al., 19B5J. T cell recc^nitten of papUdeTMHC 
complexes is often (but not arrays) feirry resected wjtti 
respect to V gene trsage t** Hadi^*aU TBBiJ. 
However, & Is not dear wrhether the preferred V gene 
.segment^) are absolute* required tor such epitopes or 
are merely the result of exuanswe c tons I cxpanwon 
where a slight advantage in arrfngwoofcf die 
most optimal V H V t combination to predominate. In Che 
current study, *b find tfrst mice having orry one func- 
tional V„ and (effect"**)*) two V L gene segments are able 
to mount highly specific antibody responses to most 
antigens. ttthus seems HKery that the r^cted Vgene 
usage observed m most immune n>sponses represents 
the consequence of antigen-driven clonal -Axpansjon of 
fure-ucally favorable antigen receptor done(s). 

In the tgH+ ^ mice, we find a remarkable 

restriction in V B CDR3 diversity with respect to both 
length and amino add composition in' the primary im- 
mune response to both hapten end protein antigens* m 
the JgM antibodies, there are many identical 
similar sequences. A restrictive pattern of V„ CDR3 
would normally be interpreted to mean aiTOgftn-drrven 
clonal expansion; however, considering the low effi- 
ciency of ceO fusion, the IsoBdon of Vertical repeats 
suggests that certain antibody spednches could be 
specifically expanded euen prior to Immunization (R&- 
je*sky et al, 1987). is not dear at present whether 
tha expansion of e partfcutar specificity occurs as a 
result of preferred V(P)J rearrangement e-*ent of is the 
result of some type of setectkin. ^. _,. . 

Our results step indicate mat the anbgen binding site 
of nonsonsttealiy mutated antibodies is not ur^rrnry 
specific but instead consists of one highly diverse CDR 
locp0r«CDR3)arriatle85tfour"genenc ff arragen bmct- 
ing regions (CDRs 1 +3- Even me somewhat diverse V L 
CDR3 region seems to play a very minor role. Using a 
phage display library. Winter end colleagues previously 
showed that a range of hapten and protein Ending aettv- 
ides could be isolated from a repertoire of antlbocftes 
comprising 50 human V M gene segments tn comtwnaoon 
with a freed light chain (Hoogenboom and Winter, 1 992,' 
Nissiro etaL 1 594). That V„ CDR3 might F*iy a dominant 
role in antigen binding was also suggest by earlier 
studies showing That a heavy chain alone or even singte 
V K domains can bind antigens with a comparable amnrrj 
as the intact antibody {Werd et al, l*W* «* aJ„ 
1995). tn addrboaitr^peenfoundthatrandomrymura- 
osnizing the V w CDR3 of an antitetanus lexin antibody 
enables tha isolation of a new specificity (i.e.. for fluores- 
cein) (Barbas etaU ^ 932). Our rasuip are also consistent 



wt* the findings that murine^ ceirs that hay* a re- 
arranged heavy chain immunogwburrn gene In the germ- 
fine ah*sys change the CDR3^uence and often the 
V K as well when they deviate trim the original antigen 
reactivity (Cascalho et.aL t39S; jUapeK-hAacfas et 
1999). Old- data may explain fcheriong-Stsndrng puzzja 
of "canonical" CDR sffucmres ^ antibodies (Chothia 
and LesK, i987r Chothia et al-, a We would sugg^t 
that urdfomi CDR shapes nre imjsbitant for sta^f 
of a binding srta, wftn the a^cedSbn of V„ CDR3 f which 
has to "fit" the anu'gen surface-, much more precisely. 
These results are also reminisce;^ of the case of human 
growth hormone and its recaptcf , wrfterestrucnffal anal- 
ysis shows drat about 30 sidecti^ns from each protein 
are in dose contact but oniy a fra cdon of those residues 
have any cunrrfbuton to the ;p£n3in g affini ty and only 
two account for mors than tttr^e-quarters of the free 
energy [Walls, 1996). : 1 J _^ . 

Another interesting Issue raisec^by the data presented 
here 3s the rote erf somatic mutatjdn in producing htgher- 
afnnfcy antibodies uoon rechall«hge with antigen. Our 
data shows that at least For pterin antigens, having an 
arbitrarily chosen human V w anyone of two mouse X 
chains as a germline repertoire te no barrier, to generat- 
ing very riig>affinity igQ emfcb#£s. This finding is eon- 
sistent with work oh tha c^fcAerfli^unDglobuJin genes, 
where ortfy a single runcrSonaUVi and V t are utiiizBd. but 
goes beyond this in B*o important respects. One is that 
chidcens rave sornatically mntatied antibodies prior to 
invnunBaGart (Weill and Reyna**S. 1987; RflcCormaclc et 
al„ 1*991), thus allowing tbs argumenr matthJs sequence 
cwersffication takes the place dP«a large V region reper- 
toire. Second, the germRne and V« genes utilized 
have been selected over many ifinlllions of years for their 
cornpatibilhy with many ointereri entigens and thus ehey 
may represent the most poly6i&tttional V H v u pair. In our 
system, we have chosen our V*V t pair at random, sug- 
gesting that all or must such pairfl are capable of binding 
& large number of difrereni sfcrtfgens, given a single, 
diverse V ri CDftS. This ind"catesflliat an antibody binding 
site excluding V„ is exde^tanaDy cross-reactive, 
at least and) acted on by.somotfe mutation p attan et 
bI^ 1996; Wedemayer et ai m ly&f}* This interpretation 
is conastant with me observations that the residues 
cKaracteTStic of antibody bindpg sites have an unusu- 
alry high proportion of aspategines, rysmes, and aro- 
made amino acids, more t/p'rcato? the interior of a globu- 
lar protein than to ks sur^ce airy capable of masiing a 
wide variety of different contsas (Kaoat et aL 1977; 
Janin and Chotnia, 1990; Pat&axj.nSM IVfen etal., 1991). 
It also has some similarities id- the proposal of Pauling 
and others thar a single antibgiJy molecule could fold 
around different antigens in «5fl!erent ways to acrueve 
specificity (PauTing, 1940). ■ 

The data presented here, aa well as previous wonC 
strongry suggest that the pilose of highly ^ diverse 
0t>R3 regions in an antigen raceotors fs to provide anti- 
gen spe&fidiy. k supports! ^ earlier speculations 
[Davis et aU 1997, 199$) but 1^ not consistent with the 
Protficton model of Conn and edteegues, whfch argues 
that the primary artibody repenoire ts solely defined 
by gerrrtins Vn antf V L gene sequences (i-e., COR1 and 
CDRg and that CDR3 isnottopirtantinthe initial deter- 
mination JOf antibody speciiic?r? (Uangman and Conn, 
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19S7; Cohn and Lsngmarv The Protecbm modri 
also argues that in the primary atftibc<}y tapartolre. each 
specific^ o e*pre**a a timtlber of B ceUs * 
Our data support the notion that certain antibody spsa- 
fchies maybe redely abundant prior toantigen stimu- 
!a tkm m thes* mice. Thus, itwoulrf De fmeirestJng id test 
father some CDR3 sequonces a-e«(pressed athigher 
frwjuenciee than others in the prSirnhitrriQ repertoire in 
the mace analyzed hem and In wtoHype animate, 

The only deficftw&have detected in the Immune reper- 
toire of trnce wftn limited V gerefes) so far is h their 
inabiliw to respond to bacterial polysaccharide ano- 
g B ns. tna>rasting)y, chickens are rnaWe to n^untrobust 
antibody resportsesio cacbohydratHs as well tJeunssen 
etaL 1990) although this point controversial (Gran- 
tors et ISSft JaJkaman et at, 19B3J. if the failure Co 
respond to bacterial polysaccharides is due to the tec* 
of appropriate VV t peir{3> to accommodate these mote- 
cutes,me HC^fgfr^ tgi^ mttemsy haw diftointe 
in dearing nacternaf infections, ^he system described 
here will prpwde an experimental test for the toaa-that 
unique V>M pairs could be selected by patfio^ dur- 
ing evolution and then feed in r« germfina (Landman 
and Conn. 1987; Conn end Langjnan, 1990). 

Experimental Prw«bjre& 

BS atlco ww» pri5i*wl*y obtafewd horn the JoCteon Laboratory £Bar 
Harbor, ME) and bred it our Animal ftusosn* Farihy at Stnnfsrd 
Urttrarsta. Wee Transgenic tar ma mran h=avy chain mrnBoOus 
HCT ware pwvknftdy dascrfeed Fayfcr crt aL 1SS2. 13201 MJCB 
eottternlna T&mstBd delations of tl» J E rt^ton or dw Jit-Gc region 
ato described and In mis pap* a* or 

(Chen * aU l»3a, IBWolTne «C7 TOti^ganfc mice wore 
ted onto the feW" bBckgretind Osteite of mbuae brwding 
»nd screening wiB be furnfched upo* niojiasT 

BSaTcTB, CSA. 05X OWWSoafiOflJ. HSU. KLK Wftft, OVP. PCC. 
»*J pnDx we* purchased front (5L Lour, mdj, DNP-KLH 
and DMP-BSA warn from Catotactem 1U CA). TWP-FteoO and 
TMP-BSA wore fcnn BUrtfiaroh Tachrotogtes, he (Novrfo, .CA). 
phQ*-CSA and phCH-BSA were prepared as described (huteoa at 
*L 1 97B1 PC-KLH and PC-BSAww? kindly provide by Dr. Lennoro 
A. Haraantows {Siarfbrtf Unhwre^- 

tonwnJzatlcsa ELISA. riybnd«n»5 

Mice 5t &-e VBsto ^ aga v-Bfd iBBd lh atl eacpefimsnls. To efidi 
[rnmure r^perrsas. TOD « CTK HEU KIK PCC OVA. ONP-tOH. 
or phO*-CSAincHniy rorfiptHtePrBwiirs 8o5tffaifi^orBf5t(njftCtioniS 
or Iticnmptetfi fttuftrfs BCfp*«nt (M* subsequent irfvcft^ 
pcknlrtisrerad by irtrapartoKial mjactkrt SO^q tevon «W *OfTDfil*- 
teretf In pnosp^ nuffBTBtf saPrro SSI JmrepetftoneaHy *wi*out 
^vrent and 10 ^ OEX. 10 ^TWP-I^mJI or 1O0 ^ PC-KLH {En 
Qgsj arimrniflienin* by 'muravsnoin injection, Tq d«eei HC7- 
encoded ontltodtes In the WCT" ^ w nUce. dlkrted sarom 
odavd id mlsreWEJ- ws»te MDTsd viJoi maruMStenal mouse artK 
htman igMCtencCHB, Tha BlooVig Shrt. Birnilngmim. U*0 cfriTiwsc 
antHnonan fpGl antitwdyPwi^HHa. Fcsp^cCafi^wn). 
Br >dptato-baond f/C7 anttoody «hs datsciad w«» aKeallns phosptiB- 
tos* coftjvigatad poVaono>goatBT«Mwan IgMorgootonti-humfin 
IgS gntfbodte ^ chain and Fb spact te. respeolva^. Slgm^ fak 
lows* eotor cfawfitepmant wftn'p-roYOphenV* phosphate (STgmo 

Devlees, Po*0 Alto, CAJ, PunTted hwnon ssnim IgM end Truman roy- 
etemalgtn (SEgma) war* used bs Jianfiards. OwjurToniie Bf ann^an- 
spadDc amfcgdtes after 'upmunbalk>n was atao oKBmina^ by ELBA: 
ptoses wot CMtad wltt 10-50 f^ra) of ontSjen. atntoatad wfth 



dDunxl^uin. and^sar^KJ human or 

. uecmkDbteti fr^ rTi^ 'irrtn^urtlzad^ ^ ^ HEL or DM?- 

utino sanet^d procoduo^ {Hortow «id Una- t«OB> Hybnrfomi^ 
^cj^subaonccl by Umfefcvi ttiluton etobslngstoGriitoprpduca 
nmSgBn^sfKrcmc igtf Qr^eijania^tJy in EUSA- 

Total RMA was 5sbIwmJ:b4i4 5 ea« hybf»omas wW) the RNeasy 
mini tek tO^aen). eDMA wafr syrahftsized using oflgo (dpT^p ICol- 
iBbarnti^ Pwdocw. Bedford: MA) end SUPERSCRIPT 

II RMatA rf- ravs«& trBra^maa tOTCTO-BRL CBithefSbtffp. MD) 
tmd amp^red by PCR with jTaqPlMi Practacm PC>? sysiam {Sca^ 
EBoano, Jona. CAL Tfe* jrtnarpaiw usad In PCR waro us fiaBoK 
vLsii {S'-sf^sctc^ctagct^ec^') and C^.l (S'-gsagoaBote 
dgtgcgsggc^r) (Tor |f aftblns); V„5-51i' l3'-c=aicctc©rat^te 
an-J*) and cjui (&--cg^r5»= aac ^ a,Cl>r) ^ 1 cha,n3): and 
V»T,ZJ. /S'-tiu^aErtctotti|?ntg-3') and (S'-ggaag^ 
gaeanttte/gjggiga.S') (torj; «4ians>. Amplf«d dJIUA w»s dbftfld 
Into pGEM-7 Easy voaar piwnega. Mfl<Cton, WO and OTquancad 
u&h 5b Taq Dye Dao^iT^rnmor Cycte Sftquanclns tcK (Appflad 
Btosystama. FoCW Pry, : C^ai on an Applied Slosytterrt* D«A 
Sctquopcar (P-aN F^JHiyv £&tnfard UnJverscyX 
i , 

Anybody PiaSflcaUwi nPdiAWiniy (WBaswvtients 
IgGi ondbodyws puri^r^o^inou3e-seTVmQrhybnd»TTia super- 
natant by 9Wm cduimi ^"9 gO« om«nir»ft lg<51 (Fc fipaefflc) 
BrdtDdtescAnH^ad m sgnros* beads (Sigma) acsordlTTB to stan- 
dard pmesaduras (Horiaff arc? Lana. 1985). «md aKghangsd I nto PBS 
usiPO Cemftean-30 (AmlcoWJniX. Ba»CT*f. MA). Antigen or ©.JIL^ 
w» rmmobifead it ths;BvA5oro CMS c«p O^iarnracio Btosaraor) 
by saawfert cmina chfiviow. Bhdfcia of aiufiwdy to ^mflbStod 
andgan wro poravnad 4n*F^S vrtdi -ZO pJ Injadions si a flow rata 
of S^mTrw Sfftdlnflttf «EL 0^>y r»™ad an s Superdejc-75 sfee 
exdislpn totumn FhcrmsJdaS totmnotfUsad ortiibody was ranwd 
am hi PBS wBh 160 )J IpjieetorB Of piDtsh ot a Bw rate of 100 fU/ 
mh. Rftftcwtfstian of iroopseftW surface ww carrted out tffr 
wo 25 5 pulse of D.I M^VcinelpH^atBriCnrfraiaaP lSiJAni^ 
All SPR mftcsuramants performed at 25-0 cn BlAcora 100a 
The- esodadon ©nd/or db*s«!latian bttasus oT anUg«>*ndoody In- 
TOraeaJoawBrpftwlm Owslngla-ste binding mndalDrBWEvalUfllton 
1.0 ptennacia Piofensfsr^ 

A^ntrttrtadgmontS) * 
• r 

Wa thank M LOPbarg, i fc.* Capm. and M. WobJ Tor pnTvlding cha 
HCn traftaganie and fe^- kt^*~ ^ roc tout m»=c T. Yao tar lt. 
lOjecsSon of rnicn: J- J- l^nlfce* »r P»d«5W iratmctten on tt»u=» 
of BlAcor* insrwnw* and <«<pErt ndvite on date ornky=b: rL Im- 
benj, Jl D. Copra, und 6. ts G wdnOW helpnri dbcutHcma; and 
R. c Garde and M- Wekjsn: comman» the tnanuBci7pL J L X- 
V^as supponsd ty o ptt*flsfcter$1 feJtowship from the Damo n Run* 
yon-Wetef Whchfcll FoiinOcfiion This work was rureted 

thrwgl> otarra (w M- W- fW 1^ «• Nalwnd insututa of H»fth 
end the rto,Bmrd Hugi 5 ^ AtertVil Ins^Wte. 

Racdnmd J^nuay 13, 2J3^L revtttsd May ». 2000- 

Atolter. PJU S&siffr, 5UC Shottpcha^a.S.B- Lfeo, J, Grurao. F- 
MnrrfeO^ S.U anc Kabai; ILA. DKarom V t flnd V^p^rmJlnft 
ganeS are viad te prodaa^fltslmnar combining sZbs vrth spaclfcAy 
for dairtr*Ja. J. UnntuiWL 7A5L AV?l-Mte. 
Batt**, Bain, Jfflt Moetetra, D.NL and Lamer. R-A. OS3a 

Sm^e^coin^nWtli amtwdy Rjrtrtea: a chamiwl Mhition 
to ma proWorw. ?*rbc. WstL Asad Sd USA as„ fl^S7-44fl1. 
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